proved to be very useful. The discrepancy in °v+rv($) between theory and experiment in the earlier investigations is found to be mainly due to oy(Aj = 0), while orv(#) agrees quite well.
b) The energy range around 12 eV is characterized by the superposition of direct scattering and Feshbach-resonances. It has been discussed that in the case of H2 Feshbach-resonances may be expected to have 2 J?g + -configuration in most cases. For the decay into the electronic ground state of H2, which is of interest here, the dominating partial wave is the s-wave. This type of resonance is effective for vibrational excitation, but less important for rotational excitation. Obviously, this conclusion depends on the configuration of the resonant state and of the final state of the molecule.
c) The direct scattering process is present as a background process in the whole energy range. The direct scattering amplitude normally contains several partial waves, so that one finds direct rotational as well as direct vibrational excitation. Usually, the angular distributions vary with energy much more rapidly than in the case of the resonance scattering mechanism. The relative importance of the direct scattering amplitude is decreasing with increasing quantum number of the exit channel {v = 0 for elastic scattering; v = 1, 2, 3,... for vibrational excitation). The contributions to elastic scattering are relatively large, the cross sections for rotational and vibrational excitation due to direct scattering are very small. -These findings are expected to be valid also for other molecules.
Introduction
Low energy e -02 collision processes are of special interest in high atmosphere physics. In a more general context, the e -02 system represents an interesting example for the study of reaction mechanisms of electron-molecule scattering. It is well known that higher vibrational states of 02~, which is a stable negative ion in its lower vibrational levels, play an important role in electron scattering
The state of knowledge concerning the 02~ ion and its role in e -02 scattering has been described in a recent paper by BONESS and SCHULZ 3 . The main existing results are several determinations of the energy positions of the lower autoionizing levels of 02~ by total and elastic scattering experiments 4~6 , a rough estimation of the total vibrational excitation cross section and of the lifetime of the resonant state from electron swarm experiments 7 ' 8 , and an investigation of the threshold behaviour of some vibrational excitation channels by the trapped electron method 6 . Using additional data from differential elastic e -02 scattering Boness and Schulz were able to determine spectroscopic constants of the 02~-ion and to construct an 02~ potential-energy curve. The electron affinity of 02, which had been discussed for many years, has recently been determined by laser photodetachment 9 . The new value of EA = 0.43 eY is in agreement with the value 10 which had been used by Boness and Schulz.
The present paper deals with two main aspects of low energy electron-molecule scattering, the spectroscopy of temporary negative molecular ions and the investigation of the importance of these ions for electron-molecule collision processes. For these purposes, detailed measurements of the formation and decay of the 02~ resonant state have been performed. It can be shown in the following that the inelastic decay channels, in this case vibrational excitation to v = 1, 2, 3, and 4 of the 02-molecule, are more suitable for negative molecular ion spectroscopy. As many as 15 vibrational levels of the 02~ ion have been detected, from which the spectroscopic constants of the 02~ ground state can be derived. Determinations of branching ratios and half widths, measurements of angular distributions, and an analysis of the rotational structure of the resonances have been carried out. These informations are necessary for a more detailed understanding of the reaction mechanisms in e -02 collision processes. 
Experimental
The crossed beam apparatus and the experimental procedure are the same as in the preceding paper and will not be described here again. The energy resolution was not sufficient to resolve separate rotational transitions in the e -02 measurements. The experimental problems concerning the angular distributions of the scattered electrons and the transmission properties of of the electron optical systems are more critical than in the e -H2 measurements because of the very low energies and the relatively large ratio of collision energies. In all cases differential e -He scattering in the same energy range 11 has been measured for comparison as a test of the apparatus. In order to avoid changes in contact potentials small admixtures of 02 have been added to the He gas in these test measurements. For the normalization of the cross sections to absolute units the recent total scattering data of SALOP and NAKANO 12 have been used. For energies below 2 eV they have been extrapolated with the aid of the older data of Results and Discussion the higher vibrational levels of the 02~ 2 77g-ground state, are indicated by vertical lines. They are determined from the inelastic channels, while the maxima in the elastic channel seem to be displaced possibly because of interference between resonance and potential scattering amplitudes. Direct excitation contributions seem to be very small in the inelastic channels. Most of the difference between stored signal and zero line (horizontal lines to each curve in Fig. 2 ) outside the resonance region is due to unphysical background, which can be proved by measuring energy loss spectra. As can be seen from the energy loss spectra of Fig. 1 , the direct excitation cross section is roughly of the order of \% compared with the resonance excitation cross section. The absolute energy scale has been calibrated from the threshold onsets of the excitation functions (indicated by arrows). The onsets are mainly caused by background electrons with energy E^aO. The operation of the acceptor system in the threshold region of the excitation functions has been tested by measuring the well-known threshold behaviour of the He 2 3 S excitation function 14 . This method of energy calibration seems to be more reliable in this case, because the well-known resonances like the He 19.31 eV resonance usually used as energy marks are too far away in energy. The energy scales for the excitation functions v = 1 to 4 have been determined independently. The energetic coincidence of the resonance peaks of different excitaiton func- Table 1 .
tions supports the reliability of the method. The error in the absolute energy scale is estimated to ± 20 meV. The determinations of relative energy positions have a much higher accuracy (about ± 1 meV within one curve). tions based on the resonance scattering formalism of O'MALLEY and TAYLOR 15 . All results are arbitrarily normalized at or near 90°. The dotted curve represents the well-known slow rotation approximation with assumed 2 77g-configuration of the resonant state and d^-approximation for the Tig-electron. This aproximation is applicable for those resonances where the lifetime of the resonance is short compared to the rotational period 16 . Since it is known from experimental and theoretical estimates 7 ' 8 and is also confirmed by our own experimental results described below that for these 02~ resonant states a much longer lifetime has to be considered, one cannot expect that the slow rotation approximation is in agreement with experiment. We have therefore tried to extend the formalism of O'Malley and Taylor by including the rotational states of the compound system and simultaneously retaining all other approximations usually made. The result is shown as full line in Figure 3 . A more explicit description of the derivation of this curve is given in Appendix A. The general structure is the same as in the slow rotation approximation, but the inclusion of a rotating compound system obviously flattens the angular distribution. A first consequence for experiment is that a much higher accuracy is necessary when this method shall be used for the classification of resonant states. Although an error of ± 10% for each point must be considered, the experimental results seem to be well outside the calculated curve and would even be more for other choices of normalization. Since there is no doubt in this case that the 02~ ion has 2 i7g-configuration, there must be another reason for the disagreement. Our model calculation, which has been performed in order to investigate the influence of a rotating compound system and which gives a reasonable result at a first glance, contains too many simplifications. Further theoretical investigation is needed in order to explain the measured angular distribution. Figure 4 shows an analysis of the rotational structure of the resonance peaks, which is not resolved in the measurements of Figure 2 . For a temperature of T = 67 °C, at which the measurements have been performed, rotational states up to about ji = 35 are populated with a maximum at /* = 9. The analysis of the rotational structure depends to some extent on the model which has been used in the calculations. However, some general features should be independent of the model. The relative line intensities within one branch are mainly determined by the population numbers, while the relative intensities from one branch to the other should depend on the model. As general structure one gets a long tail to lower energies and a sudden decrease on the high energy side. It might be possible that the slowly rising direct excitation background found by SPENCE and SCHULZ 6 in trapped-electron experiments can be explained by this rotational tail of the resonances. This would be in agreement with our experiments which gave very low direct excitation in the whole energy range. Table 1 summarizes the energy positions and the branching ratios for formation and decay of the resonant states. The assignment t/ = 4 ... 18 for the resonant states assumes the electron affinity EA = (0.43 ± 0.03) eV recently determined by laser photodetachment 4 . From the energy differences, which can be determined with an accuracy of about 1 meV, the spectroscopic constants for the vibrational structure of Oo" can be derived. From 14 independent values we get coe = 135 meV and coe:re = l meV.
BONESS and SCHULZ 3 found the same value for coe, but 1.5 meV for the anharmonicity.
The accuracy of the absolute energy calibration is estimated to + 20 meV as discussed above. The energies given in Table 1 have been corrected by 6 meV compared to the energy positions of the peak maxima of Fig. 2 because of the rotational structure of the resonance. When the structure of Fig. 4 is folded with the product of the energy profiles of the gun and the acceptor, which corresponds to the experimental situation of Fig. 2 , the peak maximum is found 6 meV below the ]x = 0 j = 0 transition. The corrected resonance energies listed in Table 1 correspond to the vibrational states of 02~ with 7 = 0. It is remarkable that our energy calibration shows excellent agreement with the finding that the levels t/ = 8 of 02~ and v = 3 of 02 (570 meV) coincide in energy, which was an important result in the measurements of SPENCE and SCHULZ 6 . Extrapolation of the vibrational levels to v -0 gives EA= (0.44 + 0.02) eY in agreement with the laser photodetachment experiment 9 .
For the determination of the energy-integrated cross sections in absolute units we have used the energy loss spectrum of Fig. 1 (left side) . The first inelastic peak corresponds to excitation of v = 1 of 02 via v = 9 of 02~. The magnitude of the elastic cross section can be taken from Fig. 6 . The ratio of the two peaks represents the ratio of the cross sections averaged over an energy distribution which is given by the product of the energy profiles of the gun and the acceptor. As described in more detail in Appendix B, this ratio yields an energy-integrated cross section of 8-10 -2° cm 2, eV/ster for v = l, which corresponds to the area under the resonance profile of Figure 4 . Since the angular dependence is nearly isotropic, the integration over all angles can be carried out by multiplying with 4 n. This gives an energy-and angle-integrated cross section of 1 • 10~1 8 cm 2 -eV for the process vi = 0 ->• v = 9 ->-Vt = 1, summed and averaged, respectively, over all contributing rotational states. The error of this absolute determination is estimated to about 10% without the additional error inherent in the total cross section data. The energy-integrated cross sections of all resonance peaks of Fig. 2 have been listed in Table 1 in units of 10 _2°c m 2 -eV. The relative magnitudes can be falsified by transmission effects of the electron optical systems. However, since these transmission properties have been tested rather extensively, the errors should not be very large, i. e. not more than 20% for the ratio of a peak at the beginning to a peak near the end of one curve of Figure 2 . It seems difficult to compare our results with the branching ratios of SPENCE and SCHULZ 6 because the trapped-electron method yields only the resonance peaks near threshold, which are small in size and not very well developed in our measurements. The absolute values, however, seem to be generally lower than ours, whereas the cross sections estimated from swarm experiments 7 have the same order of magnitude as the results of this work.
Only a rough estimation can be given for the half-width of the resonance lines of Fig. 4 , because the branching ratios for the important exit channel v = 0 (elastic scattering) are not known from this experiment. Using the Breit-Wigner formula, the energy-integrated cross section is equal 8 ' 18 to 2 n % is the de Broglie wave length of the incoming electron at E = 0.680 eV, g is a spin weight factor, .Ti is the partial width for formation of the resonant state v -9 from the initial state V\ = 0, T[ is the partial width for the decay of this resonant state to the final state vt = 1, and T = 2 rt is the total width. rj also determines the decay of the resonant state into the elastic channel. Since the branching ratios decrease with the quantum number of the exit channel, we assume J^f^-Tf in a very rough estimate and hence JTÄ;3 J 1 f«*1.5
. It follows that T is of the order of 0.5 meV, which gives a life-time of 10~1 2 sec for the resonance. This estimation confirms that a rotating compound system has to be considered in the calculations of the angular dependence, since the rotational period of 02~ has also the order of 10~1 2 sec for /' = 9.
In the course of this work the exit channels v = 0 to v = 4 of the electronic ground state and additionally the low-lying electronic states a X AS and b X 2S + have been examined for further i. e. electronically excited 02~ states. This question is of interest in connection with the variety of determinations of the electron affinity 19 of 02 . No other 02~ states besides the vibrationally excited 2 27g resonances could be found in the energy range up to 3 eV. The a and b 1 2g + channels seem to be free of resonances in this energy range in spite of the fact that they are energetically accessible for the higher vibrational levels of the 02~ state. The cross sections for excitation of these states up to 4 eV have been determined in absolute units because of their practical interest in high atmosphere physics. They are shown in Fig. 5 lent agreement with recent results of TRAJMAR et al. 21 who determined the excitation of these states from 4 eV up to higher collision energies. Our results complete the information on these processes to lower energies.
Finally, Fig. 6 shows angular distributions of elastic scattering outside the resonances. The experimental procedure is the same as described elsewhere 2 . For normalization to absolute units the total cross section data of SALOP and NAKANO 12 have been used, which had to be extrapolated from 2 eV to lower energies. Without the error of these data, we estimate an error of 5 -10% for each point. It seems remarkable that the angular distributions show a decrease at small angles even for energies up to 4 eV. This is unusual compared to other molecules. Pronounced forward scattering does not show up until the energy exceeds 10 eV as can be seen from the measurements of TRAJMAR et al. 21 . 
